Vigorous shoots in chrysanthemums (Chrysanthemum morifolium) often develop from shoot tips (apical meristems with two leaf primordia) cultured in vitro following particle bombardment. The average fresh weight of regenerated shoots from a bombarded shoot tip of chrysanthemum 'Jinba' was 10 times more than that regenerated from unbombarded shoot tips. The average number of leaves per bombarded shoot tip was also more than that from an unbombarded shoot tip. The average number of leaves developing from a shoot tip increased with an increase in the amount of gold particles shot into the shoot tips. In addition, when the area destroyed in a shoot apical meristem (SAM) was varied by bombardment through nylon mesh with different pore sizes, the total number of leaves produced from each shoot tip increased with the size of the destroyed SAM area. Knowing the origin of these vigorous shoots, which may be from the bombarded meristem or from the lateral meristems, is important for the screening of transgenic plants. When the entire surface of a SAM was destroyed by bombardment, it was unable to rebuild itself; instead, lateral meristems were initiated at the base of the leaf primordia. Furthermore, the initiation of lateral meristems at the base of the leaf primordia was also observed in instances of restoration of the area of a partially destroyed SAM. This result indicates that vigorous lateral shoots initiate and develop from the bases of leaf primordia when SAMs are damaged to varying degrees. When leaf primordia-free shoot apical meristems (LP-free SAMs) were cultured after bombardment, vigorous shoots failed to develop from the wounded SAM; instead, the wounded LP-free SAMs regenerated a SAM by repairing the wounded areas and developed a non-vigorous single shoot. It was concluded the vigorous shoots do not participate in transgenic plant production because vigorous shoots arise from unbombarded lateral meristems. Finally, an effective and versatile method for transgenic plant production was established by combining microwound treatment on a SAM by bombardment and LP-free SAM culture to suppress the growth of vigorous lateral shoots after wounding.
Introduction
Vascular plants commonly have shoot apical meristems (SAMs) at the distal end of each shoot, and these are very beneficial tissues from a horticultural viewpoint, such as for virus-and viroid-free plant production. SAMs have shown versatility of use not only for free plant production, mutation breeding (Reyes-Borja et al., 2007) , and ploidy induction (Oiyama and Okudai, 1986) , but also for transgenic plant production; their use helps to reduce the labor involved in establishment of a protocol for adventitious shoot regeneration and screening easy-to-regenerate cultivars. In recent years, many studies on the production of transgenic plants using SAMs have been reported. Furthermore, the transfection of Agrobacterium into SAMs (Dutt et al., 2007; Schrammeijer et al., 1990; Ulian et al., 1988) and the direct transformation of SAMs by particle bombardment have produced successful results in several reports (Rech et al., 2008; Sato et al., 1993) . Rech et al. (2008) developed a detailed procedure for the transgenic production of soybeans (Glycine max), common beans (Phaseolus vulgaris), and cotton (Gossypium) by direct transformation to SAMs using 462 particle bombardment. In addition, gold particles shot into the tissues or organs is useful for micro-wounding, which will then facilitate the infection of explants by Agrobacterium (Bidney et al., 1992) .
When chrysanthemum shoot tips are subjected to particle bombardment, a number of shoots often elongate during in vitro culture. Furthermore, these multiple shoots always grow faster than the single shoots developing from unbombarded shoot tips. Determining the origin of these multiple shoot meristems is important for screening transgenic plants, that is, shoots that originate from lateral meristems not associated with bombarded SAMs should not be selected, whereas shoots that originate from bombarded SAMs should be considered candidates for transgenic regenerants.
When micro-wounds were induced in a leaf of Saintpaulia by bombarding it with gold particles prior to tissue culture, the number of regenerated adventitious shoots from the explants was markedly higher than that from unbombarded explants (Hosokawa et al., 1998) . In another example where periclinal chimeras of a chrysanthemum cultivar were used, regenerants from a bombarded SAM were presumed to be derived from its L1 layer because their flower-color trait was that of the L1 layer of the cultivar (Hosokawa et al., 1995) . These examples suggest that micro-wounds induced by particle bombardment can enhance adventitious shoot regeneration directly or via callus formation. One of our hypotheses for the origin of vigorous shoots is from adventitious shoots that grow from micro-wounded SAMs.
When the center of a SAM is cut vertically using a razor blade, each cut piece develops individually, resulting in elongation of two shoots from the original meristem (Pilkington, 1929) . Furthermore, when a SAM is dissected into much smaller portions with a razor blade, each of the dissected pieces retains the ability to develop into a new SAM (Ball, 1950) . We therefore suggest a second hypothesis for the origin of vigorous shoots, i.e., small pieces of a bombarded SAM derived from tissue dissected by micro-wounds develop individually.
Our third hypothesis is that the shoots originate from lateral meristems in an undeveloped state at the base of leaf primordia, i.e., these undeveloped meristems develop when apical dominance is attenuated by destruction of SAMs. This hypothesis can be tested by "leaf primordia-free shoot apical meristem culture" (Hosokawa et al., 2004) , which enables us to evaluate the possibility of multiple vigorous shoots elongating from a SAM without lateral meristems at the base of leaf primordia. In this study, we determined the origin of the vigorous multiple shoots derived from shoot tips according to the above hypotheses and consequently established a versatile method for transgenic plant production using SAMs.
Materials and Methods

Bombardment of shoot tips
Chrysanthemum 'Jinba' plants were grown in a greenhouse at the Experimental Farm of Kyoto University under long-day conditions with night-break lighting between 22:00-2:00. Twenty rooted cuttings were transplanted into a 50 × 50 × 70 cm container containing soilless medium (MetroMix 350, Sungro, USA). Lateral shoots elongating after pinching off the terminal shoots were used for shoot tip culture. Vegetative shoots were surface-sterilized with 0.5% sodium hypochlorite for 10 min and washed three times using sterilized water. All the developed leaves were blown away by exposing the shoot tips to sterilized compressed air (Suzue et al., 2009) . Shoot tips (SAMs with two leaf primordia) of 0.4 mm cut-surface diameter were picked up using a stereo microscope and placed on culture medium with the SAMs in an upright position. The medium for shoot tip culture was prepared according to the protocol defined by Murashige and Skoog (1962) , with some modifications. The concentration of ammonium nitrate was decreased to 1/10 of that in the original medium. Furthermore, 20 g·L −1 sucrose and 3 g·L −1 gellan gum were added, and the pH was adjusted to 5.7-6.0 prior to autoclaving at 121°C for 15 min. After autoclaving, filter-sterilized gibberellic acid (GA 3 ) was added to the medium to a final concentration of 0.1 mg·L −1 , following which 6 mL medium was poured into a 6-cm diameter plastic Petridish and allowed to solidify. All cultures were performed at 25°C, with a 16-h photoperiod and 50 μmol·m −2 ·s −1 (PPFD) provided by cool-white fluorescent lamps.
Shoot tips with exposed SAMs were placed on the medium within a 1-cm circle at the center of a Petridish. Gold particles were bombarded from a distance of 6 cm from the Petridish. Gold particles (φ0.6 or 1.6 μm; Bio-Rad, USA) were shot into shoot tips once per Petridish under 80 mmHg vacuum conditions in the chamber. Unbombarded shoot tips for control were also cultured in parallel Petridishes. Five bombarded or unbombarded shoot tips were transferred to a new medium. To keep the shoot tips immersed in the medium, autoclaved 20 g·L −1 agar solution was dripped onto each shoot tip. Bombardment was conducted by PDS-1000/He (Bio-Rad). The entire apparatus used for bombardment was sterilized using 70% EtOH.
According to our preliminary experiment with the results of vigorous shoot elongation (Hosokawa et al., 2005) , 360 μg gold particles (φ1.6 μm) were shot into shoot tips once per Petridish under pressure of 4.5 × 10 6 N·m −2 (650 psi), and the total fresh weight of elongated shoots and the total leaf number developed from each individual shoot tip were measured. To determine the effect of the quantity of gold particles on vigorous shoot development, 72, 14.4, or 0.58 μg of φ0.6-μm gold particles was shot into the shoot tips under pressure of 1100 psi. To determine the effect of the destroyed surface area of a SAM on vigorous shoot development, 360 μg gold particles (φ1.6 μm), which are sufficient for covering all the shoot tips, were bombarded through nylon meshes with different sized pores of 50, 30, or 10 μm under pressure of 1100 psi. Some of the bombarded and unbombarded explants were used for histological observations. For histological observations 360 μg gold particles (φ1.6 μm) were shot into shoot tips without nylon meshes under 1100 psi.
Data of the fresh weight and number of expanded leaves were collected for each explant irrespective of with or without vigorous shoots and averages were calculated by dividing the total with explant number. Welch's t-test was applied to the data to evaluate differences in traits, leaf number and fresh weight of unbombarded and bombarded explants. Dunnett's T3 test was made to compare leaf number changes between the quantities of gold particles or the pore size of nylon mesh. For all analysis, SPSS software was used. The significance level was determined at P < 0.05.
LP-free SAM culture
Leaf primordial free shoot apical meristem (LP-free SAM) culture was performed according to the method established by Hosokawa et al. (2004) . SAMs were exposed as described above. Shoots with exposed SAMs were cut into 1-cm lengths and placed in the center of medium in an upright position, following which 360 μg gold particles (φ1.6 μm) were shot into the explants through a 50-or 10-μm nylon mesh. LP-free SAMs were cut from bombarded explants using a razor and were quickly attached to the cut surface of root tips by binding both cut surfaces. After 24 h of culture, 20 g·L −1 agar solution was dripped onto the explants as described above, and the explants were cultured for several months. Cabbage (Brassica oleracea) 'Harunami' seeds were sterilized using 1% sodium hypochlorite solution for 10 min and washed twice using sterilized water. Five sterilized seeds were placed on the medium, and 2-3 days later, the germinated root tips were cut at 0.5 mm length just prior to LP-free SAM culture.
Histological observations
For observation of the morphological changes in the destroyed areas of bombarded SAMs, the cultured samples were fixed in FAA solution (EtOH: formic acid: acetic acid: water = 12 : 1 : 1 : 6 v/v) after 7 days of culture and evacuated for several days. Samples were then washed with tap water and dehydrated through a series of EtOH concentrations. EtOH in samples was replaced by resin solution (Technovit 7100, Heraeus Kulzer, Germany) and then embedded in Technovit 7100 at 25°C according to the manufacturer's instructions. The samples were cut into 5-μm-thick sections using a microtome (RM2155, Leica Microsystems, Germany), and the sections were pasted onto glass slides. Samples were then stained with toluidine blue and observed under a VHX digital microscope (Keyence, Japan). In addition, to determine the ability of chrysanthemum SAMs to repair micro-injuries, a small wound was created in the central zone (CZ) of each SAM using a needle (25 G × 1'', Terumo, Japan) attached to a micro-manipulator fixed to a stereomicroscope. Shoot tips with injured SAMs were cultured in the medium and were histologically observed 5 or 7 days after the start of culture.
Transgenic plant production Shoots with exposed SAMs were cut into 1-cm lengths and bombarded with 360 μg gold particles (φ1.6 μm) through a 10-μm pore nylon mesh under 1100 psi. Bombarded shoots were infected with Agrobacterium rhizogenes A-13 harboring the coding region of βglucuronidase under the control of the 35S promoter and the nopaline synthase terminator (pBI121) in VIGS buffer composed of (2.13 g·L −1 MES, 2.0 g·L −1 MgSO 4 ·7H 2 O, 10 mL·L −1 Tween 20, pH 5.5 with KOH). Bombarded shoot tips were immersed in Agrobacterium solution for 30 min at room temperature and transferred to a new medium without antibiotics for 2 days in the dark at 20°C. After this co-culture period, SAMs were cut and transferred to cabbage root tips germinated on medium with Augmentin (1 tablet/L) (GlaxoSmith-Kline, UK). The explants were transferred to new medium every 14 days until shoot elongation was observed on the medium. The GUS assay was used to check the transformation of the plants (Jefferson et al., 1987) .
Results
Vigorous shoot elongation from bombarded explants
While 6.7% of the unbombarded explants produced vigorous shoots (Table 1) , 38.5% of the bombarded shoot tips produced vigorous shoots 30 days after the start of culture. In addition, the average expanded leaf number of total shoots from a shoot tip after bombardment was more than that from unbombarded shoot tips (Table 1) . Seven weeks after the start of culture in another repeated experiment, the average fresh weight per plant produced from bombarded explants was about 10 times more than that from unbombarded explants (Fig. 1A) . Each Petridish was filled with multiple shoots from five bombarded explants (Fig. 1B) .
The percentage of explants with vigorous shoots in the samples bombarded with 14.4 and 0.58 μg gold particles was lower than in samples subjected to 72 μg bombardment after 40 days of culture (Table 2) . The average leaf number also increased in 72 μg gold particle bombarded samples (Table 2 ). The area of destroyed tissue in a SAM also influenced vigorous shoot development (Table 3) . When the area destroyed was large and was created using 50-μm pore mesh, the number of explants with vigorous shoots was higher than with destruction using 30-and 10-μm pore mesh after 40 days of culture (Table 3 ). Leaf number also increased when the large area was destroyed by bombarding over 50-μm pore mesh (Table 3) .
Observation of SAMs after bombardment through nylon mesh
Partial destruction of SAMs could be successfully achieved by gold particle bombardment through nylon mesh (Fig. 2B-D) , while the entire surface of SAMs bombarded without nylon mesh with 360 μg of φ1.6-μm gold particles was destroyed ( Fig. 2A) . Callus-like cells with big vacuoles covering the destroyed area of wholly destroyed SAMs were observed after 7 days of culture (Fig. 3A) . When partial wounding was performed by bombarding through 50-μm nylon mesh, callus-like cells were still observed (Fig. 3B ). There was no initiation of new meristematic cells within callus-like cells (Fig. 3A,  B) , however, cell clumps having a big nucleus and small vacuoles were observed in the peripheral area of the SAMs (Fig. 3A, B) , which was ideally supposed to retain its meristematic characteristic. In contrast, SAMs bombarded through nylon mesh of 30-or 10-μm pore size repaired their destroyed portions (Fig. 3C, D) , and no callus-like cells were observed in the destroyed areas. The ability of SAMs to repair small wounds was also observed in areas destroyed by a micro-manipulator. Cell divisions to repair the wounded CZ were observed 7 days after wounding (Fig. 3E) . In some cases, a wounded area of CZ was relocated to the peripheral zone of the SAM (Fig. 3F) . No callus-like cells were observed in the destroyed area in both cases with a small wound ( Fig. 3E, F) .
Initiation of lateral meristems from the bombarded shoot tip
After 5 days of culture of unbombarded shoot tips, the terminal SAM maintained its morphology and size and no lateral meristems developed (Fig. 4E ). When a SAM was wholly destroyed by bombardment without nylon mesh, a new meristem developed at the base of the bombarded SAM (Fig. 4A ). Following bombardment through 50-μm mesh, several lateral meristems developed at the base of the detached leaf primordia (Fig. 4B ). The same results were observed in explants bombarded through mesh with a pore size of 30 or 10 μm. While the meristems were undergoing repair following these two treatments, new lateral meristems developed at the base of the leaf primordia 5 days after treatment (Fig. 4C, D) . Newly initiated meristems were smaller than terminal SAMs (Fig. 4A-E) .
Repair of the wounded portions of partially destroyed
LP-free SAMs with elongation of a non-vigorous single shoot Callus-like cells were observed in LP-free SAMs in culture following bombardment through 50-μm mesh (Fig. 5A) . In contrast, cell divisions to repair the wounded portion were observed on partially wounded SAMs bombarded through 10-μm nylon mesh after 7 days of culture ( Fig. 5B, C) . New meristem initiation was observed in the peripheral zone of LP-free SAMs bombarded through 50-μm mesh (Fig. 5A ). In addition, explants with multiple shoots were not observed in ten LP-free SAMs bombarded through 50-and 10-μm nylon mesh, i.e., all explants elongated a single shoot which failed to grow as fast as the multiple shoots (Fig. 5D ).
Transgenic plant regeneration
Partial GUS staining was observed in 21 plants of 211 cultured Agrobacterium infected LP-free SAMs (Fig. 6) . No explants stained the whole of the plant, i.e., GUS staining was always observed partially in this experiment (Fig. 6 ).
Discussion
Vigorous shoot development from shoot tips with wounded SAMs
The results of this study clearly show that multiple vigorous shoots develop when shoot tips are bombarded prior to culture (Fig. 1B, Table 1 ) with rapid expansion of leaves from these shoots, resulting in an increase in the total fresh weight of multiple shoots from each shoot tip (Fig. 1A) . Vigorous shoot elongation always occurred with multiple shoot regeneration and the number of multiple shoots was 2-3 per explant in this experiment (data not collected). The number was lower than in our previous result with 6-17 shoots (Hosokawa et al., 1995) . The difference in the number of vigorous shoots that arise after bombardment will depend on cultivars (Hosokawa et al., 1995) . In addition, the small amount of medium, 6 ml medium for 5 explants in this experiment, will cause lower vigorous shoot number than in our previous result. Vigorous shoots were also observed in unbombarded shoot tips in a few instances, 6.7% in Table 1 and 6.2% in Table 3 . Highly compressed air used for blowing away leaf primordia did not damage the surface of the SAM, as described previously (Suzue et al., 2009) . When shoot tips were harvested at high temperatures, SAMs of the cultivar are often observed to turn brown immediately after exposure to open air conditions resulting in partial cell collapse of SAMs. The damage to SAMs in open air will cause the same effect as particle bombardment. It is difficult to use φ1.6-μm gold particles to control damage levels because of aggregation. Aggregated φ1.6μm particles sometimes cause great damage to a SAM, and this effect led us to a different conclusion. On the other hand, φ0.6-μm gold particles are suitable for various damage treatments because they are dispersible in 100% EtOH. As shown in Table 2 , increasing the amount of gold particles (φ0.6 μm) to 72 μg enhanced the percentage of explants with vigorous shoots (Table 2) , which resulted from wounding of the SAMs. When the amount of gold particles (φ0.6 μm) was 3.6 μg, destroyed cells were not observed in the bombarded SAMs and in this case virtually no vigorous shoots were generated from these shoot tips (data not collected). Presumably, bombardment of 0.58 μg gold particles will also cause no damage to the SAM. Elongated vigorous shoots observed in some of the explants in this treatment (Table 2) will also attribute to the natural cell collapse observed at high temperature, as mentioned before.
Bombardment with 360 μg gold particles (φ1.6 μm) successfully destroyed the whole surface of a SAM ( Fig. 2A) . By bombarding over nylon mesh, cell destruction was achieved in reticular patterns of different sizes (Fig. 2B-D) . The result of increasing vigorous shoot elongation according to increasing the destroyed area (Table 3) is consistent with the hypothesis of the relationship between vigorous shoot elongation and cell destruction in SAMs. Sekiguchi et al. (1971) reported vigorous lateral shoots elongating from γ-ray-irradiated shoot tips of snapdragon (Antirrhinum majus). The origin of these vigorous shoots may be the same as that of the multiple shoots generated from bombarded chrysanthemum shoot tips, i.e., SAMs might be damaged by γ-ray irradiation.
Origin of vigorously growing shoots from lateral meristems
When the areas destroyed were extensive, they were not repaired during culture (Fig. 3A, B) ; when they were small, the destroyed areas were repaired ( Fig. 3C -E) or sidelined (Fig. 3F ). No lateral meristem was observed in unbombarded shoot tips (Fig. 4E) . Histological observation determined that the origin of vigorously growing shoots was from lateral meristems initiated and developed following bombardment of shoot tips, and not from repaired meristems or meristems adventitiously generated (Fig. 4A-D) . Lateral meristem initiation might therefore be related to the strength of apical dominance, i.e., due to weakened apical dominance of the bombarded SAMs because of whole or partially destruction. In bombarded LP-free SAMs with no lateral meristem at bombardment, although new leaf primordia were initiated at the base of the SAMs during repair, vigorous shoot regeneration was not observed (Fig. 5B ). This is most likely due to the fact that apical dominance recovered before the initiation of new lateral meristems. Although the expression of several genes controlling SAM structure is reported to have CZ function in SAMs (Clark et al., 1997; Fletcher et al., 1999; Reddy and Meyerowitz, 2005) , there are few reports on the morphological change in SAMs following microsurgery. When a SAM of Lupinus was divided into two parts by vertical dissection of the center, each part developed into an individual shoot (Pikkington, 1929) . Furthermore, a dissected quarter partly maintained the ability to develop into a shoot (Ball, 1948) . Sussex (1952) dissected a potato SAM into 16 parts and succeeded in obtaining shoot elongation from each dissected piece. These experiments using micro-surgical methods revealed that the CZ can be newly synthesized by the dissected parts of a SAM. In contrast, the SAM of a chrysanthemum retained its structure by repairing the injured portions. Not considering that chrysanthemum meristems are highly homeostatic because of their restorative ability, we assume that they can repair only small or shallow wounds. While the origin of cell clumps developing to an apical meristem at the periphery of the destroyed SAMs (Figs. 4A, B and 5A) , that is, whether the origin of the new meristem is lateral or adventitious, could not be determined here, we assume that they originated from several unwounded cells and differed from lateral meristems. New meristem development suggests that a SAM produces new meristems instead of repairing the damaged portions when the damage is too big to repair them.
It is usually observed in chrysanthemums that leaves do not expand for several weeks or even months after the start of shoot tip culture. While the mechanisms controlling such slow growth during the early period are unknown, shoot tips abscised from the mother shoots are presumed to be catapulted into "paradormancy." We observed that meristems were smaller when derived from lateral meristems than from bombarded terminal SAMs (Fig. 4C, E) . We assumed that a smaller meristem is the key to overcoming "paradormancy", an intriguing hypothesis that prompted us to investige further, however, when the chrysanthemum meristem was cut into two portions using a razor and the separated pieces were cultured and attached to Brassica root tips, the dissected meristems retained their "paradormancy" (data not shown). Although newly initiated meristems were observed in the peripheral area of bombarded LP-free SAMs (Fig. 5A) , vigorous shoot elongation was not observed, indicating that a smaller meristem cannot overcome "paradormancy". Hence we conclude that a SAM maintains "paradormancy" and only the newly initiated meristem as lateral meristems elongate vigorously.
Transgenic plant production using LP-free SAM culture A healing period, involving culture of the bombarded meristems on medium containing cytokinin for one day, is reportedly important for transgenic plant production (McCabe and Martinell, 1993) ; however, the morphological changes in SAMs during or after the healing period have not been investigated. Because microinjuries enhance Agrobacterium infection, sonication (Harold and Finer, 1997) and bombardment (Bidney et al., 1992) are the procedures often used for infection. If a SAM is used to generate explants for transgenic plant production, it is important to repair the injury and elongate a shoot originating from the SAM.
The vigorous shoots observed in our cultures were not involved in genetic transformation because they originated from lateral meristems that initiated after bombardment. We conclude that terminal shoot elongation following repair of injured and infected SAMs is needed for the production of transgenic plants. Therefore, a protocol was designed as follows: 1. SAMs are bombarded through 10-μm nylon mesh or smaller, 2. Injured meristem is infected with Agrobacterium, and 3. LP-free SAM is cultured to induce a single shoot from the infected SAMs after repair. In addition, the process for preparation of many SAMs for bombardment is not laborious when using the equipment reported before (Suzue et al., 2009) . Using this protocol, we were able to produce about 10% transgenic chimeral plants (Fig. 6) . Although some problems remained, such as producing complete transgenic plants from chimeral plants, the established method can be used as a versatile method in the future.
